Introduction {#s1}
============

The rapidly changing climate has significantly impacted global biodiversity during recent decades [@pone.0054839-Parmesan1], and is likely to play an increasing role in biodiversity loss over the longer term [@pone.0054839-Dawson1]. Nevertheless, current global conservation prioritization schemes are mainly based on factors such as irreplaceability, vulnerability or threats from habitat loss [@pone.0054839-Brooks1]. Exposure of biodiversity to climate change, however, is rarely incorporated in conservation priority assessments, which may compromise conservation investments in priority conservation areas [@pone.0054839-Iwamura1], [@pone.0054839-Arajo1]. As climate-induced threats to biodiversity are unevenly distributed in space and time, evaluation of future climate risks faced by the priority conservation areas could lead to reallocation of globally flexible funding and resources.

Several studies have attempted to develop indicators to assess the unevenly-distributed magnitudes of climate change at global or regional scales, based on changes in mean climate conditions, climate variability, frequencies of extreme events, or aggregations of these variables [@pone.0054839-Iwamura1], [@pone.0054839-Giorgi1]--[@pone.0054839-Sandel1]. Among those studies, a few recent ones focused on the magnitudes of climate change experienced by particular taxa or biologically distinct regions [@pone.0054839-Iwamura1], [@pone.0054839-Loarie1]--[@pone.0054839-Sandel1], which could have important implications for climate adaptation and biodiversity conservation under future climate change. For example, Beaumont *et al*. (2011) [@pone.0054839-Beaumont1] evaluated future climate change exposure of the "Global 200" ecoregions - a set of priority ecoregions designed to "achieve the goal of saving a broad diversity of the Earth's ecosystems" [@pone.0054839-Olson1] - during the 21^st^ century. Their findings suggested that tropical and subtropical ecoregions might be particularly vulnerable to future climate change, given that ecoregions at lower latitudes will be more likely to face "extreme" local temperatures compared to those at higher latitudes [@pone.0054839-Beaumont1]. However, their evaluation was based on shifts in individual climatic factors (monthly mean temperature or precipitation), and did not incorporate changes in climate variability at any timescale. A more comprehensive assessment of climate risks should aggregate multi-dimensional future climate changes faced by these priority conservation areas.

In this paper, via a novel application of a Regional Climate Change Index (RCCI), an indicator integrating changes in mean temperature and precipitation with their interannual variability [@pone.0054839-Giorgi1], we evaluate the climate-change exposure of 143 terrestrial and 53 freshwater ecoregions included in the "Global 200" (hereafter "G200"). Our assessment is based on differences in climate variables between the recent decade (1991−2010) and the end of the 21^st^ century (2081−2100), with outputs from an ensemble of 62 general circulation model (GCM) × green house gas (GHG) emission scenario combinations. To account for the inter-model agreements on the sign and magnitude of climate change, differently from the original approach used by Giorgi (2006) to calculate the RCCI [@pone.0054839-Giorgi1], we estimate changes in component climatic factors from each of the 62 GCM × GHG emission scenario combinations separately rather than averaging over them. The changes in the multi-dimensional climate space reflected by the RCCI and its component climatic factors, together with degrees of model consensus on these changes, enable a better understanding of the unevenly-distributed climate risks across the G200 ecoregions, with significant implications for effective conservation strategies under the changing climate.

Results and Discussion {#s2}
======================

Projected changes in mean temperature between 1991−2010 and 2081−2100 show a clear warming trend. The average temperature is projected to rise by 1.7 to 5.0°C across the 196 ecoregions, compared to the increase of 0 to 1.4°C over the past five decades, with strongest warming expected in ecoregions at high northern latitudes ([Table S1](#pone.0054839.s006){ref-type="supplementary-material"}, [Figure S2A](#pone.0054839.s002){ref-type="supplementary-material"}). Furthermore, future warming trends are projected to be stronger in dry seasons than in wet seasons ([Figure S2B](#pone.0054839.s002){ref-type="supplementary-material"}, C). Future precipitation changes, on the other hand, show high spatial heterogeneity and between-model variability ([Table S1](#pone.0054839.s006){ref-type="supplementary-material"}, [Figure S2D](#pone.0054839.s002){ref-type="supplementary-material"}−F). Generally, the likelihood of precipitation increase is high in ecoregions at high northern latitudes, East Africa, and South Asia, while precipitation decline is expected in ecoregions of the Mediterranean Basin, Central America, the Andes, South Africa, Madagascar, and Australia, particularly during dry seasons. The local decreases in precipitation, combined with warming-induced increased evapotranspiration, would further elevate moisture stress on terrestrial and freshwater ecosystems.

To combine changes in mean temperature and precipitation with changes in their interannual variability, we used the RCCI to summarize the relative climate-change exposure for each ecoregion. With an observed RCCI range between 2 and 26 over the past 5 decades (see *Materials and Methods*), we take the 50^th^ and 80^th^ percentile (i.e., RCCI = 12 and RCCI = 16) as indicative of "moderate" and "pronounced" climate change, respectively ([Figure 1](#pone-0054839-g001){ref-type="fig"}). The RCCI analyses from the ensemble of 62 GCM × GHG emission scenario combinations show that, throughout the 196 G200 ecoregions, 188 (96%) are predicted to have a mean RCCI ≥12, and a greater than 66% ensemble probability of at least "moderate" climate change (RCCI ≥12) by the end of the 21st century. A total of 14 (7%) ecoregions are predicted to have a mean RCCI ≥16, and at least a 66% ensemble probability of "pronounced" climate change (RCCI ≥16) ([Table S2](#pone.0054839.s007){ref-type="supplementary-material"}). The magnitude of climate change projected by the end of the 21^st^ century in general exceeds that experienced during the past five decades ([Figure 1](#pone-0054839-g001){ref-type="fig"}), implying that the climate-driven biodiversity consequences that have been observed recently [@pone.0054839-Parmesan1], [@pone.0054839-Walther1], [@pone.0054839-Walther2] may be further amplified and accelerated.

![Frequency distributions of observed and projected Regional Climate Change Index (RCCI) across 196 G200 ecoregions.\
The observed RCCI (blue bars and solid line) is based on differences in climate conditions between 1961−1980 and 1991−2009, generated from Climate Research Unit (CRU) TS 3.1 datasets; the projected RCCI (red bars and solid line) is based on differences in climate conditions between 1991−2010 and 2081−2100, generated from the ensemble of 62 GCM × GHG emission scenario combinations. The grey vertical lines represent the 50^th^ and 80^th^ percentile of observed RCCI (i.e., RCCI = 12 and RCCI = 16), indicating moderate and pronounced climate change, respectively.](pone.0054839.g001){#pone-0054839-g001}

The values of RCCI are unevenly distributed across the globe. The strongest regional climate change signals are expected in high northern latitudes across North America and Eurasia, especially tundra and taiga ecoregions in the Arctic and sub-Arctic. Six out of 10 ecoregions in this area have mean RCCI values exceeding 18, with 70% to 90% GCM × GHG emission scenario combinations predicting pronounced climate change (e.g., the *Chukhote Coastal Tundra*, *Taimyr and Russian Coastal Tundra*, *Alaskan North Slope Coastal Tundra*, *Canadian Low Arctic Tundra*, and *Central and Eastern Siberian Taiga* ecoregions; [Figure 2](#pone-0054839-g002){ref-type="fig"}, [Table S2](#pone.0054839.s007){ref-type="supplementary-material"}). The pronounced RCCI signals in the Arctic and sub-Arctic ecoregions are attributed to remarkable changes in both mean climate conditions and climate variability. Particularly, a strong warming trend is expected over the 21^st^ century, with average dry-season (November to April; [Figure S5](#pone.0054839.s005){ref-type="supplementary-material"}) warming of up to 6.9±2.7°C for the *Chukhote Coastal Tundra* ecoregion and wet-season (June to November; [Figure S5](#pone.0054839.s005){ref-type="supplementary-material"}) warming of up to 3.8±1.4°C for the *Alaskan North Slope Coastal Tundra* ecoregion ([Figure 3](#pone-0054839-g003){ref-type="fig"}, [Table S1](#pone.0054839.s006){ref-type="supplementary-material"}, [Figure S2](#pone.0054839.s002){ref-type="supplementary-material"}). Rapid high-latitude warming and concurrent increases in precipitation may favor lengthening of the growing season and northward expansion of temperate species and ecosystems [@pone.0054839-Tape1], [@pone.0054839-Hye1], but impacts on survival of key species adapted to this harsh and highly variable environment are uncertain [@pone.0054839-Post1], [@pone.0054839-Gilg1]. Many of these species, especially Arctic endemics, are particularly vulnerable to competitive stress from more southerly species, and have limited potential to escape through poleward shifts due to geometric constraints of the northernmost region on Earth (e.g. the displacement of Arctic foxes by invading red foxes in northern Norway [@pone.0054839-Killengreen1]). Given generally low biodiversity and limited functional redundancy among species, loss of key species in Arctic and sub-Arctic regions could have cascading effects and precipitate irreversible changes in ecosystem dynamics, impacting ecosystem services and indigenous people depending on them [@pone.0054839-Post1], [@pone.0054839-Gilg1]. As our current knowledge of the climate-change impacts on the Arctic and sub-Arctic biodiversity remains limited, future work is required for better understanding of the complex processes involved under climate threats [@pone.0054839-Gilg1]. While a comparatively large proportion of the Arctic and sub-Arctic is already under protection [@pone.0054839-Usher1], there is still an urgent need to develop appropriate strategies to mitigate climate-induced threats in these ecoregions given the potentially severe risks of rapid warming.

![The spatial distributions of Regional Climate Change Index (RCCI) across 196 G200 ecoregions.\
Based on differences in climate conditions between 1991−2010 and 2081−2100 generated from the ensemble of 62 GCM × GHG emission scenario combinations, the relative climate-change exposure of each G200 ecoregion is indicated by the multi-model mean RCCI (RCCI~mean~, illustrated as the size of the symbol) and the proportion of GCM × GHG emission scenario combinations with RCCI ≥16 (Fr.~RCCI≥16~, illustrated as the color of the symbol).](pone.0054839.g002){#pone-0054839-g002}

![Changes in component climatic factors of Regional Climate Change Index (RCCI) across 196 G200 ecoregions.\
A) Wet season ΔP; B) wet season Δσ~P~; C) wet season RWAF; D) wet season Δσ~T~; E) dry season ΔP; F) dry season Δσ~P~; G) dry season RWAF; H) dry season Δσ~T~. The calculation is based on differences in climate conditions between 1991--2010 and 2081--2100, generated from the ensemble of 62 GCM × GHG emission scenario combinations. The changing magnitude of each component climatic factor is indicated by the proportion of GCM × GHG emission scenario combinations with the absolute value of the corresponding integer "n" ≥2 (illustrated as the size of the symbol). The changing direction is indicated by the proportion of combinations where an increase or decrease is projected to occur (illustrated as the color of the symbol).](pone.0054839.g003){#pone-0054839-g003}

In mid-latitudes, the most dramatic climate changes are expected in the G200 ecoregions of the Mediterranean Basin. For the *Mediterranean Forests, Woodlands and Scrub*, *Anatolian Freshwater*, and *Balkan Rivers & Streams* ecoregions, the mean RCCI values are between 17 and 18, with a 60% to 80% probability of pronounced climate change ([Figure 2](#pone-0054839-g002){ref-type="fig"}, [Table S2](#pone.0054839.s007){ref-type="supplementary-material"}). The relatively strong climate change signals for these ecoregions are mainly contributed by a substantial precipitation decline and a large increase in precipitation variability, especially during dry seasons ([Figure 3E--F](#pone-0054839-g003){ref-type="fig"}, [Table S1](#pone.0054839.s006){ref-type="supplementary-material"}, [Figure S2D](#pone.0054839.s002){ref-type="supplementary-material"}--F). For example, in the *Mediterranean Forests, Woodlands and Scrub* ecoregion, the ensemble of 62 GCM × scenario combinations consistently indicates a decrease in dry season precipitation, by as much as −23.3±11.9% ([Table S1](#pone.0054839.s006){ref-type="supplementary-material"}). As one of the world's five regions within the mediterranean biome, the Mediterranean Basin has unique climatic and edaphic conditions, and supports high levels of species richness and endemism [@pone.0054839-Keeley1]. However, ecoregions here are susceptible to large biodiversity loss because of their exceptional sensitivity to environmental changes [@pone.0054839-Sala1]. The warmer and drier climates in the coming decades will increase drought stress and fire risks in these ecoregions, leading to changes in community structure and shifts in the distribution of typical tree species [@pone.0054839-Mouillot1], [@pone.0054839-Schrter1]. Moreover, the impact of climate change on biodiversity may be further exacerbated by non-climatic stressors such as land conversion and biological invasions [@pone.0054839-Gritti1], [@pone.0054839-Underwood1]. Despite these ecoregions' biological importance and the imminent threats they face, the land area currently under formal protection is less than 1%, compared to a global average of 12% [@pone.0054839-Klausmeyer1], reinforcing the need to expand the network of protected areas to facilitate the migration and adaptation of Mediterranean species under future climate change [@pone.0054839-Klausmeyer1], [@pone.0054839-Underwood2]. Besides, remarkable precipitation declines are also expected in other Mediterranean-type ecoregions such as the *Fynbos* and *Chilean Matorral* ecoregion ([Figure 3E--F](#pone-0054839-g003){ref-type="fig"}, [Table S1](#pone.0054839.s006){ref-type="supplementary-material"}, [Figure S2D](#pone.0054839.s002){ref-type="supplementary-material"}--F), which are also renowned for their outstanding endemism richness but under pressure from anthropogenic impacts [@pone.0054839-Underwood1].

In the tropical and subtropical regions, comparatively strong climate changes are expected over G200 ecoregions of the Amazon Basin, East Africa, and South Asia ([Figure 2](#pone-0054839-g002){ref-type="fig"}). In the Amazon Basin, a region which sustains almost 60% of the world's remaining tropical rainforest and *ca.* 25% of all terrestrial species [@pone.0054839-Dirzo1], the *Coastal Venezuela Montane Forests*, *Amazon River & Flooded Forests*, and *Atlantic Dry Forests* ecoregions have mean RCCI values between 16 and 18, with pronounced climate change predicted by no less than 55% of the GCM × scenario combinations ([Figure 2](#pone-0054839-g002){ref-type="fig"}, [Table S2](#pone.0054839.s007){ref-type="supplementary-material"}). The relatively strong RCCI signals for ecoregions in the Amazon Basin are attributed primarily to the notable changes in seasonal precipitation as well as temperature and precipitation variability ([Figure 3](#pone-0054839-g003){ref-type="fig"}). However, regarding the magnitudes and directions of these changes, there are large variations across different scenarios and climate models ([Figure 3](#pone-0054839-g003){ref-type="fig"}, [Table S1](#pone.0054839.s006){ref-type="supplementary-material"}). The projected changes in dry season precipitation over the *Amazon River & Flooded Forests* ecoregion, for example, range widely from −56% to +36%. Despite the considerable uncertainty in the climate projections, a trend toward less dry-season precipitation and intensified drought risk is projected to occur over most ecoregions located in the Amazon Basin ([Figure 3](#pone-0054839-g003){ref-type="fig"}, [Table S1](#pone.0054839.s006){ref-type="supplementary-material"}). More pronounced dry seasons could increase the risk of forest dieback and savannization [@pone.0054839-Zelazowski1], [@pone.0054839-Cox1], and may lead to losses of forest species, shifts in community composition, and erosion of ecosystem services, especially when interacting with fire disturbance and human activities such as deforestation, commercial logging, and expansion of infrastructure [@pone.0054839-Laurance1], [@pone.0054839-Davidson1]. In these ecoregions, taking conservation actions to minimize non-climatic pressures and increase their climate resilience may be of particular importance, mainly through a sustainable way to manage socio-economic development as well as effective financial incentives [@pone.0054839-Malhi1]. Other subtropical and tropical ecoregions that will face significant climate change include the *Galapagos Islands Scrub* ecoregion off the northwest coast of South America, the *Socotra Island Desert*, and *Horn of Africa Acacia Savannas* ecoregions in East Africa, and the *Rann of Kutch Flooded Grasslands*, and *Indus River Delta* ecoregions in South Asia ([Figure 2](#pone-0054839-g002){ref-type="fig"}, [Table S2](#pone.0054839.s007){ref-type="supplementary-material"}).

Based on multi-model mean RCCI values as well as degrees of inter-model consistency, our assessment highlights pronounced future climate change over ecoregions at high northern latitudes, followed by ecoregions of the Mediterranean Basin, Amazon Basin, East Africa, and South Asia. The strength of the RCCI-based assessment lies in, on the one hand, the integration of changes in mean annual temperature and precipitation, as well as their interannual variability, which presents a more comprehensive picture of future climate risks compared to that on a basis of only one or two climate factors (e.g., [@pone.0054839-Loarie1], [@pone.0054839-Beaumont1], [@pone.0054839-Sandel1]). Moreover, break-down analyses of individual RCCI component climatic factors allow for further identification of the main contributors of climate change signals, as well as their directions and magnitudes. The vulnerability inferred from the RCCI and key aspects of climate change may have significant implications for climate-change impact prediction and conservation, as illustrated earlier for the highlighted ecoregions with strong RCCI signals. Even for ecoregions that face relatively moderate climate change implied by the RCCI indicator, severe climate impacts on those components of biodiversity that are vulnerable to strong and consistent changes in individual climatic factors are still likely to occur. For instance, two ecoregions of Madagascar, the *Madagascar Forests and Shrublands*, and *Madagascar Freshwater Ecosystem* ecoregions, are projected to experience a decrease in dry season precipitation by more than 10%, with the likelihood of precipitation decline as high as 87% ([Table S1](#pone.0054839.s006){ref-type="supplementary-material"}). Although their RCCI signals are relatively small ([Figure 2](#pone-0054839-g002){ref-type="fig"}, [Table S2](#pone.0054839.s007){ref-type="supplementary-material"}), these ecoregions with unparalleled levels of endemism are very likely to face intense drought risks in the coming decades, imperiling the unique species and their habitats that are already threatened by decades of deforestation and forest fragmentation [@pone.0054839-Harper1], [@pone.0054839-Hannah1].

On the other hand, the multiple GHG emission scenarios and climate models used in RCCI estimation enable quantification of inter-model agreements on future climate change for each ecoregion, i.e. the degree to which we are confident in a result from the RCCI-based assessment. This emphasizes the uncertainties of scenarios and climate models that may induce substantial between-model variations in the climate change assessment, which was, however, not adequately addressed in earlier similar studies (e.g., [@pone.0054839-Giorgi1], [@pone.0054839-Bonebrake1]). We notice considerable variations across the ensemble of 62 GCM × GHG emission scenario combinations in terms of the RCCI and changes in component climatic factors, especially for ecoregions with relatively low RCCI signals ([Figure S3](#pone.0054839.s003){ref-type="supplementary-material"}). This great variability arises from uncertainties in both GHG emission scenarios and climate models ([Figure S4](#pone.0054839.s004){ref-type="supplementary-material"}). Ecoregions where future climate change is project to be relatively mild but highly uncertain may still have chance to face severe climate risks under the "worst-case" scenarios, such as those located in Northwest South America (e.g., the *South American Pacific Mangroves*, and *Upper Amazon Rivers & Streams* ecoregions), West Africa (e.g., the *Guinean Moist Forests*, and *Upper Guinea Rivers & Streams* ecoregions), and Southeast Asia (e.g., the *Annamite Range Moist Forests*, *Sumatran Islands Lowland and Montane Forests*, *Peninsular Malaysia Lowland and Montane Forests* ecoregions; [Figure 2](#pone-0054839-g002){ref-type="fig"}, [Figure S3](#pone.0054839.s003){ref-type="supplementary-material"}). The considerable between-model disagreement in the RCCI-based assessment not only underlies the importance of model improvements in climate projections, but also suggests flexible approaches that mix a portfolio of different adaptation and mitigation strategies are required for different situations as climates and environments continue to shift [@pone.0054839-Millar1], [@pone.0054839-Canadell1].

Compared to former studies based on the original or adapted RCCI indicators, for example, Giorgi (2006) [@pone.0054839-Giorgi1] and Bonebrake & Mastrandrea (2010) [@pone.0054839-Bonebrake1], our assessment for the G200 ecoregions generally produces a similar spatial pattern of future climate change exposure. All three studies suggest that northern high latitudes and the Mediterranean region are expected to face pronounced climate change by the end of the 21^st^ century. However, significant differences also exist between our assessment and the two earlier ones. For example, in both Giorgi (2006) [@pone.0054839-Giorgi1] and Bonebrake & Mastrandrea (2010) [@pone.0054839-Bonebrake1], the Amazon Basin, South Asia, and North Australia are expected to face mild or moderate climate change, while our study indicates that at least some ecoregions within the three regions will be exposed to strong climate change (e.g., the *Coastal Venezuela Montane Forests*, *Amazon River & Flooded Forests*, and *Atlantic Dry Forests* ecoregions of the Amazon Basin; the *Rann of Kutch Flooded Grasslands*, and *Indus River Delta* ecoregions of South Asia; the *Carnavon Xeric Shrubs* ecoregion of North Australia). The discrepancies between our study and the two former ones may arise from differences in focal areas (196 G200 ecoregions vs. 26 distinct regions; see [Figure S1](#pone.0054839.s001){ref-type="supplementary-material"} of this paper and [Figure 1](#pone-0054839-g001){ref-type="fig"} of Giorgi (2006) [@pone.0054839-Giorgi1]), choices of climate models (see [Table S4](#pone.0054839.s009){ref-type="supplementary-material"} of this paper and Table 1 of Giorgi & Bi (2005) [@pone.0054839-Giorgi2]) and baseline periods (1991--2010 v.s. 1961--1980) that could preclude the inter-comparisons. Moreover, we estimated changes in climatic factors and thus the RCCI from climate projections of each GCM × scenario combination separately, rather than averaging over models and scenarios as done by Giorgi (2006) [@pone.0054839-Giorgi1] and Bonebrake & Mastrandrea (2010) [@pone.0054839-Bonebrake1] (see *Materials and Methods*), which may also contribute to the discrepancy between our results and those of the two earlier studies. As stated above, our approach accounts for uncertainties from scenarios and climate models, and enables quantification of inter-model agreements on the results of the RCCI-based assessment.

Several other studies have also attempted to develop indicators to assess magnitudes of future climate change across distinct regions based on different principles and climatic factors (e.g. [@pone.0054839-Iwamura1], [@pone.0054839-Baettig1], [@pone.0054839-Diffenbaugh2]--[@pone.0054839-Ackerly1], [@pone.0054839-Beaumont1], [@pone.0054839-Sandel1]). A recent study by Beaumont et al. (2011) also evaluated future climate risks faced by the G200 ecoregions, but using changes in projected climatic conditions relative to baseline variability [@pone.0054839-Beaumont1]. In contrast with our result, they suggested that tropical and subtropical ecoregions are likely to be exposed to more severe climate risks rather than boreal/taiga and tundra ecoregions at high northern latitudes, based on the fact that the relative temperature change compared to the historical temperature variation in tropical and subtropical regions is larger than that of high latitude regions [@pone.0054839-Beaumont1]. However, it should be noted that the magnitude of warming in the tropical and subtropical regions is substantially smaller than that in the high latitudes. Further, changes in other climatic factors (e.g., precipitation, climate variability) may pose effects no less than that of mean temperature change and should be considered to present a broader picture of future climate risks. Across the studies that developed a number of indicators to assess the future climate change, the 'hotspots' emerging with high climate risks may differ from each other with varying degrees, revealing differences in the indicator structures (including component climatic factors, weighting factors, level of aggregation, etc.) and principles to formulate them, apart from inconsistency of analyzed periods, selection of climate models, and focal areas [@pone.0054839-Baettig1]. While these studies provide complementary information on the complex picture of unevenly distributed climate-induced threats, discrepancies among them suggest that the choice of indicators in climate-change assessment need to be cautious according to specific conservation and management targets.

A few caveats should be noted in our analyses. First, the thresholds we used to define "moderate" and "pronounced" climate change (RCCI = 12 and RCCI = 16, respectively), as well as the assignment of integer factor "n" in RCCI calculation (Eq. 1), are somehow subjectively determined based on the distributions of changes rather than critical points beyond which significant transitions will occur [@pone.0054839-Giorgi1]. However, since our focus is the relative magnitudes of climate change across the G200 ecoregions, changes in these thresholds and thus RCCI values for specific ecoregions would not alter the overall pattern and results of intercomparison among them. Second, the RCCI only evaluates changes in mean temperature and precipitation with their variability, on an interannual basis. As climate change will exert impacts on biodiversity at different time scales [@pone.0054839-Jones1], additional indicators that reveal climate variations and extremes from diurnal to multi-decadal time scales should also be considered to give a more comprehensive picture of future climate risks. Third, we weighted each of the 62 GCM × GHG emission scenario combinations equally, which may obscure much of the uncertainty behind GCMs and scenarios [@pone.0054839-Tebaldi1]. Differential weights should be given to the ensemble members in further analyses, depending on the future socioeconomic pathways and GCM performance at global and regional scales [@pone.0054839-Tebaldi2], [@pone.0054839-Fordham1].

It also needs to be emphasized that the RCCI and related metrics do not directly translate into climate-change impacts on biodiversity. These metrics can be regarded as robust indicators of future climate-change exposure, yet detailed assessments of climate-change impacts on biodiversity need to consider other aspects of vulnerability: climate sensitivity and adaptive capacity [@pone.0054839-Dawson1], [@pone.0054839-Williams2]. For example, tropical species living in warm, aseasonal climates may be vulnerable to even small temperature changes due to limited thermal tolerance and acclimation capacities evolved under relatively uniform temperature regimes [@pone.0054839-Janzen1], [@pone.0054839-Ghalambor1]. As a consequence, direct biodiversity impacts of climate warming may be more severe in the tropics despite their slower warming rate compared to higher-latitude areas [@pone.0054839-Tewksbury1]. Understanding climate-change impacts on biodiversity is further complicated by the diversity of ecological and evolutionary responses at different organisational levels [@pone.0054839-Parmesan1], interactions of climate-change effects with other stressors (e.g., land conversion, overexploitation, invasive species, fire, pathogens) [@pone.0054839-Brook1], and feedbacks and cascading impacts [@pone.0054839-Williams2]. This complexity calls for integrated assessments combining different approaches, including long-term observations, manipulative experiments, and modeling [@pone.0054839-Dawson1], which is beyond the scope of this study. However, although not indicative of climate-change impacts *per se*, the RCCI-based assessment can help policy-makers gain a quantitative overview of future climate change across the G200 ecoregions. The ecoregions highlighted in our study, whether due to significant climate risks or high levels of uncertainty, deserve further in-depth impact assessments to inform effective conservation strategies under climate change.

Conclusions {#s2a}
-----------

Our RCCI-based assessment of climate-change exposure of the G200 ecoregions suggests that, by the end of the 21^st^ century, 96% of the G200 ecoregions are likely (more than 66% probability) to face climate change that is considered moderate-to-pronounced compared to changes experienced over the past five decades. Northern high-latitude ecoregions will see the most pronounced climate change, followed by ecoregions of the Mediterranean Basin, Amazon Basin, East Africa, and South Asia. Relatively modest climate change is expected over ecoregions in Northwest South America, West Africa, and Southeast Asia, yet with considerable uncertainty. The integration of multi-dimensional climate changes in the RCCI-based assessment enables a quantitative and comprehensive overview of future climate risks across the G200 ecoregions, while the estimation of inter-model agreements on the RCCI and related climatic metrics gives the degrees to which we are confident in the results. The highlighted ecoregions, together with their vulnerability inferred from the RCCI and key aspects of climate change, deserve special attention in more detailed impact assessments to inform effective conservation strategies. Particularly, for ecoregions with considerable inter-model disagreement, a portfolio of flexible approaches that integrates different adaptation and mitigation strategies is essential to cope with the uncertain future.

The RCCI used in our study accounts for shifts in mean temperature and precipitation with their variability on an interannual basis. Climate variabilities and extremes on other time scales, which may pose additional threats to biodiversity, should also be incorporated. While indicators of different structures provide complementary information on the complex pattern of unevenly distributed climate-induced threats, caution should be taken to choose appropriate indicators in the light of specific conservation and management targets. Note that assessment based on any of the indicators does not directly translate into the vulnerability to climate change. Detailed assessments of climate-change impacts on biodiversity should also consider climate sensitivity and adaptive capacity, as well as interactions between climatic and non-climatic stressors. This calls for integrated assessments that combine different data sources and approaches, including long-term observations, manipulative experiments, and modeling.

As delays in negotiating a new global agreement for the post-Kyoto period appear to push the world towards more pessimistic IPCC scenarios, climate change impacts on biodiversity and people may become even more severe. Future priority-setting and allocation of limited conservation resources should consider the unevenly-distributed climate-induced threats to inform effective conservation policies and actions in coming decades. Furthering our understanding of future climate change exposure across space and time is an important first step in the identification and design of appropriate conservation strategies that can help adapt to and/or mitigate the impacts of such changes on biodiversity, and ultimately people.

Materials and Methods {#s3}
=====================

Climate Datasets {#s3a}
----------------

To estimate future climate-change exposure, we used climate projections for the 21^st^ century from an ensemble of 23 general circulation models (GCMs) from the CMIP3 multi-model datasets (<https://esg.llnl.gov:8443/index.jsp>) simulated under three IPCC SRES scenarios (B1, A1B, A2) [@pone.0054839-IPCC1], producing 62 GCM × GHG emission scenario combinations in total (note that for some GCMs, datasets were available under only 1 or 2 emission scenarios; [Table S4](#pone.0054839.s009){ref-type="supplementary-material"}). Simulated climate data for the period of 1991−2000 were extracted from GCMs for the 20^th^ century scenario (20c3m simulation). For each GCM × GHG emission scenario combination, different realizations were averaged before further analyses ([Table S4](#pone.0054839.s009){ref-type="supplementary-material"}). We also calculated the observed climate-change exposure based on differences in observed climate conditions between the baseline period (1961−1980) and recent decades (1991−2009), and compared the projected climate-change exposure with it. Observed climate data were obtained from Climate Research Unit (CRU) TS 3.1 datasets at the resolution of 0.5° × 0.5° [@pone.0054839-Mitchell1]. All the data were first gridded to a common 0.1° grid and then averaged over each G200 ecoregion.

Definition of the RCCI {#s3b}
----------------------

The RCCI (Regional Climate Change Index) is an aggregate index that integrates changes in four climate factors: mean annual precipitation (ΔP, % of the baseline value), mean annual surface air temperature (RWAF, Regional Warming Amplification Factor, i.e., change in mean annual temperature relative to the mean annual global warming), and their interannual variability (Δσ~P~ and Δσ~T~, each in % of the baseline value) [@pone.0054839-Giorgi1]. The RCCI is defined and calculated as follows (Eq.1; ref. [@pone.0054839-Giorgi1]):where any change in each climatic factor is assigned an integer value "n" between 0 and 4 according to the absolute value of change ([Table S3](#pone.0054839.s008){ref-type="supplementary-material"}), resulting in an RCCI range between 0 and 32. The division between wet season (WS) and dry season (DS) for each ecoregion is based on Giorgi & Bi (2005) ([Figure S5](#pone.0054839.s005){ref-type="supplementary-material"}; ref. [@pone.0054839-Giorgi2]). Higher RCCI values represent higher climate-change exposure for any ecoregion. Note that the values of the aggregate RCCI index are always positive, yet the direction of change in each component climatic factor could be positive or negative.

Observed RCCI {#s3c}
-------------

Based on differences in observed climate conditions between 1961−1980 and 1991−2009, we calculated the observed RCCI index for each of the 196 G200 ecoregions over the past five decades. The observed RCCI ranges from 2 to 26, with a median of 12 ([Figure 1](#pone-0054839-g001){ref-type="fig"}). We took the 50^th^ and 80^th^ percentile of observed RCCI (i.e., RCCI = 12 and RCCI = 16) as indicative of "moderate" and "pronounced" climate change, respectively. The magnitude of future climate change was evaluated in reference to the criteria.

Projected RCCI {#s3d}
--------------

Based on differences in projected climate conditions between 1991−2010 and 2081−2100, we calculated the RCCI to estimate future climate-change exposure for each of the 196 G200 ecoregions. We explored three IPCC SRES climate scenarios (B1, A1B, A2) [@pone.0054839-IPCC1], and produced the RCCI from the ensemble of 62 GCM × GHG emission scenario combinations. To account for the inter-model agreements on the sign and magnitude of climate change, rather than calculating changes in climatic factors and thus RCCI by averaging over models and scenarios as done by Giorgi (2006) [@pone.0054839-Giorgi1], we produced the RCCI from climate projections of each GCM × scenario combination separately. Relative climate-change exposure of each ecoregion was summarized as the multi-model mean RCCI and probability of GCM × GHG emission scenario combinations predicting RCCI ≥16. To analyze contributions of component climatic factors and potential impacts on ecoregions, we also examined the magnitude and direction of change in each one individually ([Figure 3](#pone-0054839-g003){ref-type="fig"}). We weighted each GCM × scenario combination equally.

All analyses were performed in R.

Supporting Information {#s4}
======================

###### 

**The spatial distribution of 196 "Global 200" ecoregions, grouped by biomes.** **A**) Terrestrial "Global 200" ecoregions; **B**) freshwater "Global 200" ecoregions. The figure in the bracket indicates the number of ecoregions within each biome. The two maps are adapted from [Figure 1](#pone-0054839-g001){ref-type="fig"} and [Figure 2](#pone-0054839-g002){ref-type="fig"} of Ref. [@pone.0054839-Olson1], respectively.

(TIF)

###### 

Click here for additional data file.

###### 

**Changes in mean temperature and precipitation across 196 G200 ecoregions between 1991−2010 and 2081−2100.** The calculation is based on multi-model averages from the ensemble of 62 GCM × GHG emission scenario combinations. **A**) ΔT for all year; **B**) wet season ΔT; **C**) dry season ΔT; **D**) ΔP for all year; **E**) wet season ΔP; **F**) dry season ΔP.

(TIF)

###### 

Click here for additional data file.

###### 

**Coefficients of variations (CV) of RCCI across 62 GCM × GHG emission scenario combinations for 196 G200 ecoregions.** RCCI is calculated based on differences in climate conditions between 1991−2010 and 2081−2100.

(TIF)

###### 

Click here for additional data file.

###### 

**The spatial distributions of RCCI across 196 G200 ecoregions under three different GHG emission scenarios.** The calculation is based on differences in climate conditions between 1991−2010 and 2081−2100. Generated from the ensemble of 20, 23, and 19 GCMs for **A**) SRES B1; **B**) SRES A1B; and **C**) SRES A2, respectively, the relative climate-change exposure of each G200 ecoregion is indicated by the multi-model mean RCCI (RCCI~mean~, illustrate as the size of the symbol) and the proportion of GCMs with RCCI ≥16 (Fr.~RCCI≥16~, illustrated as the color of the symbol).

(TIF)

###### 

Click here for additional data file.

###### 

**Definitions of wet seasons for different regions.** Dry seasons are the remaining six months of a year. For each G200 ecoregion, wet and dry seasons are identified according to its geographic location. This map is drawn based on Ref. [@pone.0054839-Giorgi2].

(TIF)

###### 

Click here for additional data file.

###### 

**Changes in mean climate conditions across 196 G200 ecoregions.** The calculation is based on differences in climate conditions between 1991−2010 and 2081−2100, generated from an ensemble of 62 GCM × GHG emission scenario combinations. Changes in temperature and precipitation are calculated on an annual basis (ΔT, ΔP) as well as for wet seasons (ΔT~wet~, ΔP~wet~) and dry seasons (ΔT~dry~, ΔP~dry~). For precipitation, the proportions of GCM × scenario combinations with ΔP\>0 (abbreviated as Fr. (ΔP\>0), Fr.( ΔP~wet~\>0), Fr (ΔP~dry~\>0)) are also given to indicate likelihoods of precipitation increase. Standard deviations (s.d.) are calculated to account for variations across different GCM × GHG emission scenario combinations.

(DOC)

###### 

Click here for additional data file.

###### 

**Observed and projected RCCI for 196 G200 ecoregions.** The observed RCCI (RCCI~obs~) is based on differences in climate conditions between 1961−1980 and 1991−2009, generated from Climate Research Unit (CRU) TS 3.1 datasets; the projected RCCI is based on differences in climate conditions between 1991−2010 and 2081−2100, generated from an ensemble of 62 GCM × GHG emission scenario combinations. The relative magnitude of projected RCCI is measured by the multi-model mean RCCI (RCCI~mean~) and the proportions of GCM × GHG emission scenario combinations with RCCI≥12 (the 50^th^ percentile of RCCI~obs~) and RCCI≥16 (the 80^th^ percentile of RCCI~obs~), respectively (abbreviated as Fr.(RCCI≥12) and Fr.(RCCI≥16)).

(DOC)

###### 

Click here for additional data file.

###### 

**Value of the factor n in the definition of the RCCI.** Any change in each climatic factor is assigned an integer value "n" between 0 and 4 according to the absolute value of change. Note that small changes below a certain threshold do not contribute to the index (n = 0) and that larger changes are weighted more heavily (i.e., the factor n doubles from each category to the next). This table is adapted from Table 1 of Ref. [@pone.0054839-Giorgi1].

(DOC)

###### 

Click here for additional data file.

###### 

**The ensemble of 23 General Circulation Models (GCMs) used in this study.** Figures in brackets indicate the number of different realizations for a GCM × GHG emission scenario combination.

(DOC)

###### 

Click here for additional data file.
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